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We study the one photon scattering problem for a super cavity (SC) coupling with two two-level
atoms. With atomic decay, we find a sudden drop in reflection at ∆ = 0 for the two atoms in the
node-antinode configuration but not in the antinode-node one. The underlying mechanism is due
to the scatterer has a configuration dependent localized dissipated eigen-mode at ∆ = 0. In the
node-antinode configuration, the eigen-mode localized near the input side, which can transport the
photon into the SC. By exciting the atom at the node, the photon can leak into the reservoir due
to atomic decay, which causes the sudden drop at ∆ = 0 in reflection. In the antinode-node case,
however, the eigen-mode is localized near the output side, no photon can be transported into the SC
and leads to completely reflection at ∆ = 0. A similar phenomenon has been observed in a recent
experiment of X-ray quantum optics [Nature 482, 199 (2012)] but with a much more complicated
explanation due to electromagnetically induced transparency.
I. INTRODUCTION
The studies on photon scattering play an important
role in quantum optics. Various significant phenomena in
quantum optics are related to scattering, such as electro-
magnetically induced transparency (EIT) and resonance
fluorescence [1, 2]. Photon scattering for models like
single or multi atoms coupling with optical cavity [3–6]
or waveguide [7–13] have long long been active research
area both in theory and experiment. In recent years, a
theoretical model based on coupling cavity array (CCA)
is proposed and quickly attracts a great deal of atten-
tion [14]. CCA is a perfect platform for scattering study,
important achievements have been made both on the one
dimensional [14–17] and the two dimensional [18] CCA
platform.
In nature, the spontaneous emission of the atoms are
inevitable due to their coupling with the surrounding
electromagnetic environment [19, 20], and the atomic
decay has long been included in the scattering research
through master equation [10, 21]. But except the intu-
itive results as the decrease and expansion of the reflec-
tion (transmission) peaks, no qualitative difference has
been found in the past researches for atoms coupling with
waveguide or CCA.
In this paper, we revisit the photon scattering prob-
lem for two two-level atoms coupling with the super cav-
ity [22] but include atomic decay. A super cavity (SC)
is first present in our former work to help study the
photon scattering for a two-level atom coupling with a
multi-mode cavity on the CCA platform [23]. In the two
atoms case, whether including the atomic decay or not
leads to a fundamental difference in the scattering results.
Without atomic decay, the scattering results for the two
atoms are very similar with the one atom case, config-
uration of the atoms has no relevant effect [22]. When
including the atomic decay, for reflection a dip appears
around the resonant energy (∆ = 0) only for the atoms
arranged in node-antinode configuration corresponding
to the resonant mode. A very similar phenomenon has
been observed in Ref. [5] and a complicated theory which
attributes it to EIT is given. In this paper, we reveals
the physical mechanism behind this phenomenon is much
simpler and has nothing to do with EIT.
The rest of the paper is organized as follows. In Sec. II,
we introduce our model and briefly give the results for the
condition without atomic decay. In Sec. III, we use the
master equation to handle the photon scattering prob-
lem with atomic decay. We reveal the physical mecha-
nism behind the configuration dependent phenomenon.
In Sec. IV, single-mode approximation is introduced to
support the analysis we give above. Finally a brief con-
clusion is given.
II. MODEL: TWO TWO-LEVEL ATOMS IN A
SUPER-CAVITY
The system we consider consists of three parts, see
Fig. 1. The central part contains a SC with two two-
level atoms embedded in, where the SC is formed by a 1D
single-mode cavity array with N cavities, and these two
atoms interacts with two cavities of the SC respectively.
The second (third) part is the left (right) photon channel,
formed by a semi-infinite 1D cavity array connected to
our central part from its left (right) side.
We will study single-photon scattering problem on this
system. One photon with wave vector k from the left pho-
ton channel is scattered by the SC system. Our aim is
to figure out how the reflection and transmission coeffi-
cients depend on the position of the two atoms in the SC.
More precisely, we will study the cases when one atom
is at the node of the resonant mode of the SC while the
other is at the antinode. In particular, we are interested
2in whether the position order of the two atoms, i.e., the
node-antinode configuration or the antinode-node config-
uration for the resonant mode, is related.
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FIG. 1. (Color online). Schematic set of the single-photon
scattering problem for the 1D CCA model. One photon (filled
red circle) with the wave vector k injects from the left side
of the SC composed of N cavities. The SC is formed by a
relatively small coupling strength η with the outside cavities.
Two two-level atoms (filled blue circle) are in the n1-th and
n2-th cavities of the SC respectively. Here we take N = 7,
n1 = 3 and n2 = 5.
Under the rotating wave approximation, the Hamilto-
nian of our system is given by
H = HS +HL +HR +HSL +HSR, (1)
where
HS =
N∑
j=1
ωca
†
jaj −
N∑
j=2
ξ(a†j−1aj + a
†
jaj−1)
+
2∑
i=1
[
ωa|e〉i〈e|+Ω(a
†
niσ
−
i +H.c.)
]
, (2)
HL =
0∑
j=−∞
[
ωca
†
jaj − ξ(a
†
j−1aj + a
†
jaj−1)
]
, (3)
HR =
∞∑
j=N+1
[
ωca
†
jaj − ξ(a
†
jaj+1 + a
†
jaj+1)
]
, (4)
HSL = −η(a
†
0a1 +H.c.), (5)
HSR = −η(a
†
NaN+1 +H.c.). (6)
Here HS is the free Hamiltonian for the central part, and
HL (HR) is the Hamiltonian for the left (right) photon
channel, aj (a
†
j) is the annihilation (creation) operator of
the photon in the j-th cavity, |ei〉 (i = 1, 2) is the excited
state of the atom i, ni is the label of the cavity that the
atom i interacts with, Ω the coupling strength between
each atom and its cavity, ωc is the mode frequency for
each cavity, ωa is the eigen-energy of the atomic excited
state, ξ is the hopping strength between nearest neigh-
bor cavities within the three parts, and η is the hopping
strength between nearest neighbor cavities between the
SC system and the left or right photon channel.
Without atomic decay, due to the excitation number
is conserved in this model, the scattering state can be
expanded as
|ψ
(+)
k 〉 =
∑
l
Cl|1l; g1, g2〉+α1|vac; e1, g2〉+α2|vac; g1, e2〉,
(7)
with
Cl =

eikl + re−ikl, l < 0,
c1e
ikl + d1e
−ikl, 0 < l < n1,
c2e
ikl + d2e
−ikl, n1 < l < n2,
c3e
ikl + d3e
−ikl, n2 < l < N,
teikl, l < N.
(8)
Here the parameters t and r are the single-photon trans-
mission and reflection amplitudes, respectively. Mean-
while the wave function must be continuous at nodes 0,
n1, n2 and N . According to the scattering theory [24],
the scattering state |ψ
(+)
k 〉 is an eigen-state of the Hamil-
tonian H with eigen-energy Ek, i.e., we have
H |ψ
(+)
k 〉 = Ek|ψ
(+)
k 〉. (9)
Numerically solving Eq. (9) we can obtain the trans-
mission (T = |t|2) and reflection (R = |r|2) coefficients.
The case without decay has been thoroughly investigated
in our precious work [22]. As Fig. 2 shows, no qualitative
difference appears in transmission or reflection between
arranging the atoms in node-antinode and antinode-node
configurations. Actually the result is quite similar with
the one-atom situation [23].
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FIG. 2. (Color online).(a) Single-photon reflection for sys-
tem without decay. (b) Single-photon transmission for sys-
tem without decay. Blue solid line represents the atoms in
node-antinode (8-12) configuration while the green solid line
is for the antinode-node (12-16) configuration. Here, N = 31,
η = 0.01 and Ω = 0.1.
III. SCATTERING WITH DECAY
Now we consider the situation with the atomic decay.
Since the two atoms locate in two distant cavities, it is
reasonable to assume that each atom is coupling with an
independent reservoir. Then the dynamics of our system
is controlled by the master equation [2]
dρ(t)
dt
= −i[H, ρ(t)] +
γ
2
2∑
l=1(
2σ−l ρ(t)σ
+
l − |el〉〈el| ρ(t)− ρ(t) |el〉〈el|
)
, (10)
where γ is the spontaneous decay rate of the atomic ex-
cited state. Here we assume the decay rate for each atom
is the same.
3The steady state for our scattering problem is
ρ = |Ψ〉〈Ψ|+ κ |G〉〈G| , (11)
with |G〉 = |vac; g1, g2〉 being the ground state of our
system, and |Ψ〉 being the scattering state
|Ψ〉 = |k〉L+r |−k〉L+
N∑
j=1
cj |j〉+d1 |e1〉+d2 |e2〉+t |k〉R ,
(12)
where
|k〉L =
0∑
j=−∞
eikj |j〉 , (13)
|k〉R =
∞∑
j=N+1
eikj |j〉 , (14)
with |j〉 = a†j |G〉 and |el〉 = σ
+
l |G〉. Then the time
independent master equation implies that the scattering
state |Ψ〉 satisfies(
H − i
γ
2
2∑
l=1
|el〉〈el|
)
|Ψ〉 = Ek |Ψ〉 , (15)
where Ek = ωc − 2η cos k. So we can use the effective
Hamiltonian Heff = H− i
γ
2
∑2
l=1 |el〉〈el| to describe this
decay system [10, 21]. Note that Eq. (15) is sufficient to
determine the transmission coefficient T = |t|2 and the
reflection coefficient R = |r|
2
.
In Fig. 3 we give the numerical results for single-photon
transmission and reflection coefficients varying with ∆.
Here, ∆ = Ek − En is the energy difference between the
incoming photon and the resonant mode of the SC. For
transmission, we see two peaks in our selected region of
∆ and their space between is configuration-dependent.
This result is quite similar with the case without atomic
decay (see Fig. 2), and due to the atomic decay the trans-
mission has a dramatic decline. As for reflection, despite
the peaks we expect to appear at the same positions cor-
responding to the transmission, one more peak emerges
or in another word the reflection experience a sudden
drop at ∆ = 0 only for the node-antinode configuration.
This is a major difference comparing with the situation
without the atomic decay. A qualitatively similar phe-
nomenon has been observed in Ref. [5], which is explained
with a much complicated model. Moreover, the influ-
ence of the atomic decay on reflection is much smaller.
Next we will try to figure out the physical mechanism
underlying this interesting configuration-dependent phe-
nomenon.
Similarly as that discussed in Ref. [23], the reflection
coefficient R at Ek for our setting is essentially deter-
mined by the eigen-modes of HS near resonant with Ek.
The obvious qualitative difference in R between the two
cases for the two atoms locating in the node-antinode
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FIG. 3. (Color online). Transmission and reflection spectrum
for the system with decay. (a) Single-photon transmission
for two atoms in different configurations with decay. Blue
solid line represents the node-antinode (8-12) configuration
while the green solid line is for the antinode-node (12-16)
configuration. (b) Single-photon reflection. Here, γ = 10−5
and the other parameters are the same as in Fig. 2.
configuration or in the antinode-node configuration oc-
curs at ∆ = 0, i.e., the input photon with energy res-
onant with the resonant eigen-mode of the empty SC.
In our model the scatterer consists of SC and two atoms
resonant coupling with SC’s n-th eigen-mode (with eigen-
value En), we can prove that En is also an eigen-value
of the scatterer (Hs) only if either atom is located at the
node of the mode. Thus, the condition is met for the
above two configurations, and En will still be an eigen-
value of the scatterer in both situations. But no peak ap-
pears at ∆ = 0 for the reflection or transmission without
the atomic decay (see Fig. 2) which violates the resonant
tunneling assumption. Therefore we need to analyze the
eigen-mode of the SC system when ∆ = 0.
In order to clarify the confusion, Fig. 4(a) shows this
special mode with atoms arranged in two configurations.
This mode is localized and its localization condition is
configuration dependent. As for the node-antinode con-
figuration the mode localized between the left wall of the
SC and the atom at node while for the antinode-node
configuration it localized between the atom at node and
the right wall. The appearance of this localized mode
is due to coupling between the node atom and the non-
resonance modes [23], and the antinode atom should not
be excited and there are no photons around it.
Due to the mode is localized, no photon can be trans-
ported through the SC under this incoming energy. So
the reflection (transmission) shows no peak at ∆ = 0
without the atomic decay, no matter atoms arranged in
which configuration. When the atoms coupling with the
reservoir, new photon leakage way is introduced due to
spontaneous emission. Thus mode localized in different
way can lead to fundamental difference. For antinode-
node configuration, the mode is localized at the output
(right) side of the SC so the incoming photon from left
to the SC is totally reflected by the left wall. Then with
or without the atomic decay makes no difference since
no photon goes into SC at all, so R = 1 (T = 0) at
∆ = 0. For the node-antinode configuration, the photon
4has probability to go into the SC as the mode localized
at the input (left) side of the SC. The incoming pho-
ton will excite the atom at node and then leak into the
reservoir due to spontaneous emission. This leads to the
appearance of the sudden drop of reflection at ∆ = 0.
Next we calculate the photon flow inside the SC at
∆ = 0. The photon flow for the l-th cavity is defined as
Jl = −i[Cl(C
∗
l+1 − C
∗
l ) + C
∗
l (Cl+1 − Cl)]. (16)
Fig. 4(b) shows no photon flow within the SC for the
atoms arranged in antinode-node configuration, mean-
while for the node-antinode configuration there is a
steady photon flow name Js before the node atom. This
confirms the analysis we give above. Further, the steady
incoming photon is Ji = 2 sink, the leaking rate L of
the photon into the reservoir is defined as L = Js/Ji.
Then we numerically obtain L+R+ T = 1 as expected.
Another major consequence by introducing the decay is
the decline of the transmission. Under the above men-
tioned parameter condition γ = 10−5, the transmission
is so small that can be ignored (see Fig. 3). Thus closing
the transmission channel by setting η = 0 for the right
wall of the SC will cause little change to the above results
but making our model much similar with the experiment
condition [5].
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FIG. 4. (Color online). (a) Eigen-mode of the scatterer (Hs)
with E = −2 cos 4pi
N+1
for the atoms in different configurations.
Blue and green solid lines each stands for node-antinode and
node-antinode configuration. (b) Photon flow for each cav-
ity in the SC at ∆ = 0. Blue cross (green dot) is for the
node-antinode (antinode-node) configuration. Here, the pa-
rameters are the same as in Fig. 3.
The localized eigen-mode can be analytically solved.
When the wave vector of the injection photon is k = lpiN+1 ,
the atom ni in the node implies that sin(kni) = 0, and
the atom in the antinode implies that | sin(kni)| = 1.
For example, sin(kn1) = 0 and | sin(kn2)| = 1 in the case
of node-antinode configuration. In this case, we find an
analytical solution of the eigen-mode of Hs with eigen-
value El = ωc − 2 cosk:
|ψl〉 =
N∑
j=1
bj |1j; g1, g2〉+ α|vac; e1, g2〉, (17)
where
bj =
{
sin(kj)
√
n1
2 +
sin2 k
g2 , 1 ≤ j ≤ n1,
0, n1 + 1 ≤ j ≤ N,
(18)
α = −
bn1−1
g
. (19)
The localized mode for antinode-node configuration is
almost the same only with the state localized to the right.
IV. SINGLE MODE APPROXIMATION
For ∆ = 0, we believe only the localized mode is impor-
tant and this is the starting point of our analysis above.
To prove the validness of this assumption, we introduce
the single mode approximation Hamiltonian of the scat-
ter
HS = El|ψl〉〈ψl| (20)
while keeping HL,HR,HSL and HSR the same. Now the
scattering state can be expanded as
|Ψ
(+)
k 〉 = |ϕk〉+ r|ϕk〉+ µ|ψl〉+ t|φk〉 (21)
with {
|ϕk〉 =
∑0
j=−∞ e
ikj |j〉,
|φk〉 =
∑∞
j=N+1 e
ikj |j〉.
(22)
Without the atomic decay, through Eq. (9) we have
∆
′
µ+ ηb1(1 + r) + tηbNe
ik(N+1) = 0, (23)
ηb1µ− (e
ik + re−ik) = 0, (24)
ηbNµ− te
ikN = 0 (25)
with ∆
′
= Ek−El. For the antinode-node configuration,
b1 = 0 leads toR = |r|
2 = 1. While for the node-antinode
case, bN = 0 leads to t = 0 and we can analytically solve
r as
r = −
∆
′
eik + b1η
2
b1η2 +∆
′e−ik
(26)
leading to R = |r|2 = 1.
For the condition with atomic decay, we use the stan-
dard master equation to handle. The master equation
for steady state is
− i[H, ρ]−
Γ
2
(ρσ1+σ
1
− + σ
1
+σ
1
−ρ) + Γσ
1
−ρσ
1
+ = 0 (27)
with
ρ = κ|ψl〉〈ψl|+ (1− κ)|v˜ac〉〈v˜ac|. (28)
5Projecting the master equation to various bases, we ob-
tain the following independent equations
(∆
′
+ iΓ|α|2/2)µ
+ ηb1(1 + r) + tηbNe
ik(N+1) = 0, (29)
ηb1µ− (e
ik + re−ik) = 0, (30)
ηbNµ− te
ikN = 0, (31)
which can be analytically solved:
r =
eik − ηb1β
ηb1β − e−ik
, (32)
where β = iηb1
Γ|α|2/2−i∆′
. For antinode-node configuration,
b1 = 0 and we obtain the same result R = 1 as the
condition without the atomic decay. Meanwhile for the
node-antinode configuration, Eq. (32) can perfectly give
the reflection coefficient around ∆ = 0 as show in Fig. 5.
Thus compare with the exact model, we obtain the same
results near ∆ = 0 based on this single-mode approxi-
mation model no matter under the condition without or
with atomic decay.
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FIG. 5. (Color online). Reflection vs ∆ around ∆ = 0. The
blue solid line represents the exact numerical result, the yellow
dashed line is obtained through Eq. (32). Here, the parame-
ters are the same as in Fig. 3.
V. CONCLUSION
In conclusion, based on the 1D CCA platform we in-
vestigate the single-photon scattering problem with a SC
coupling with two atoms under the condition with de-
cay. Compared with the condition without atomic de-
cay, the reflection with decay shows a significant differ-
ence, it will drop suddenly (peak) at ∆ = 0 only for the
node-antinode configuration. We propose the EIT like
phenomenon is actually not determined by EIT mecha-
nism. It is due to the special eigen-mode condition for
the scatterer at ∆ = 0. This eigen-mode is localized and
its localization condition is configuration dependent, so
photon can not be transported through this mode. This
explains why without the atomic decay, R = 1 (T = 0)
at ∆ = 0 in any of the two configurations. With atomic
decay, the eigen-mode for node-antinode configuration
can transport photon into the SC, and the photon can
leak into the reservoir through exciting the atom at the
node. So the reflection shows a sudden drop at ∆ = 0.
Meanwhile, no photon can be transported into the SC
through the eigen-mode for antinode-node configuration
which leads to R = 1 at ∆ = 0. We calculate the photon
flow and use the results of the single-mode approxima-
tion to support our analysis. We hope our analysis can
help understand the experiment results and enlighten the
study for using 1D CCA to simulate real experiment set-
tings.
The authors thank Y. Li and C.P. Sun for helpful dis-
cussions. This work has been supported by National
Natural Science Foundation of China under Grants Nos.
11475254, 11222430, 11434011, and NKBRSF of China
under Grants No. 2014CB921202.
∗ zhoudl72@iphy.ac.cn
[1] M. O. Scully and M. S. Zubairy, Quantum Optics (Cam-
bridge university Press, Cambridge, England, 1997).
[2] Cohen-Tannoudji C, Dupont-Roc J and Grynberg G
2004 Atom-Photon Interactions (Weinheim: WILEY-
VCH Verlag Gmbh Co. KGaA).
[3] D. F. Walls, and G. J. Milburn, Quantum Optics (
Springer-Verlag, Berlin, 2008).
[4] R. Ro¨hlsberger, K. Schlage, B. Sahoo, S. Couet and R.
Ru¨ffer, Science, 328, 1248 (2010).
[5] R. Ro¨hlsberger, H. C. Wille, K. Schlage and B. Sahoo,
Nature 482, 199 (2012).
[6] K. P. Heeg, and J. Evers, Phys. Rev. A 91, 063803 (2014).
[7] J. T. Shen, and S. H. Fan, Phys. Rev. Lett. 95, 213001
(2005).
[8] J. T. Shen, and S. H. Fan, Phys. Rev. Lett. 98, 153003
(2007).
[9] J. T. Shen, and S. H. Fan, Phys. Rev. A 82, 063821
(2010).
[10] J. T. Shen, and S. H. Fan, Phys. Rev. A 79, 023837
(2009).
[11] T. Shi, D. E. Chang, and J. I. Cirac Phys. Rev. A 92,
053834 (2015).
[12] F. Fratini, E. Mascarenhas, L. Safari, J. P. Poizat, D.
Valente, A. Auffe`ves, D. Gerace, and M. F. Santos, Phys.
Rev. Lett. 113, 243601 (2014).
[13] J. Dai, A. Roulet, H. N. Le, and V. Scarani, Phys. Rev.
A 92, 063848 (2015).
[14] L. Zhou, Z. R. Gong, Y. X. Liu, C. P. Sun, and F. Nori,
Phys. Rev. Lett. 101, 100501(2008).
[15] E. S. Burillo, D. Zureco, J. J. G. Ripoll, and L. M.
Moreno, Phys. Rev. Lett. 113, 263604(2014).
[16] L. Zhou, Y. Chang, H. Dong, L. M. Kuang, and C. P.
Sun, Phys. Rev. A 85, 013806(2012).
[17] T. Shi, and C. P. Sun, Phys. Rev. B 79, 205111(2009).
6[18] D. Z. Xu, Yong Li, C. P. Sun, P. Zhang, Phys. Rev. A
88, 013832 (2013).
[19] H. P. Breuer and F. Petruccione, The Theory of Open
Quantum Systems (Oxford University Press, Oxford,
2002).
[20] U. Weiss, Quantum dissipative systems (World scientific,
Singapore, 1999).
[21] Z. R. Gong, H. Ian, L. Zhou and C. P. Sun, Phys. Rev.
A 78, 053806 (2008).
[22] W. Zhu, X. Xiao, D. L. Zhou and P. Zhang, Chin. Phys.
B 25, 064203 (2016).
[23] W. Zhu, Z. H. Wang, and D. L. Zhou, Phys. Rev. A 90,
043828 (2014).
[24] J. R. Taylor, Scattering Theory, Wiley, New York, 1972.
